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In this paper the production of vocal vibrato is investigated. The most relevant features of the
acoustical vibrato signal, frequency and amplitude variations of the partials, will be related to the
voice production features, glottal source GS and vocal tract response VTR. Unlike previous
related works, in this approach, the effect on the amplitude variations of the partials of each one of
the above-mentioned voice production features will be identified in recordings of natural singing
voice. Moreover, we will take special care of the reliability of the measurements, and, to this aim,
a noninteractive vibrato production model will be also proposed in order to describe the vibrato
production process and, more importantly, validate the measurements carried out in natural vibrato.
Based on this study, it will be shown that during a few vibrato cycles, the glottal pulse
characteristics, as well as the VTR, do not significantly change, and only the fundamental frequency
of the GS varies. As a result, the pitch variations can be attributed to the GS, and these variations,
along with the vocal tract filtering effect, will result in frequency and amplitude variations of the
acoustic signal partials. © 2006 Acoustical Society of America. DOI: 10.1121/1.2177584
PACS numbers: 43.75.Rs, 43.75.Bc, 43.75.z, 43.70.h NHF Pages: 2483–2497
I. INTRODUCTION
Singing voice constitutes an interesting challenge to the
study of voice quality because of its differences from every
day speech. Among these, the most interesting one is perhaps
the vocal vibrato. This is a specific musical feature not
present in speech and has been by itself the topic of interest
of many researchers in distinct areas such as physiology and
musicology.
It is quite easy to describe vocal vibrato from the acous-
tical point of view. Borrowing Sundberg’s definition:1 “vi-
brato is a regular fluctuation in pitch, timbre and/or loud-
ness;” however, some of its basic aspects remain hidden still
today.
From this definition, it is clear that vibrato is a regular
pitch variation and, in fact, this is the most widely studied
aspect from the pioneering work of Seashore2 to our day.
Several features related to the pitch variation, or, in parallel,
fundamental frequency variation, have been analyzed, and
the most relevant works are those dealing with the param-
etrization of this variation.3–5 This is usually characterized by
three parameters: the intonation, which represents slow
variations around the average frequency value of the note;
the vibrato extent, which represents the amplitude of funda-
mental frequency variations; and the vibrato rate, which rep-
resents the frequency of the fundamental frequency varia-
tions. Making use of these parameters, differences among
singers have been measured and studied,6,7 and even links
between vibrato rate and physiological features have been
explored based on a reflex resonance model.8 In particular,
this latter model is proposed to describe the relationship be-
tween the muscular activation and the typical values of vi-
brato rate.
Going back to Sundberg’s definition, it is obvious that it
does not specify what happens with timbre and loudness dur-
ing vibrato. Both concepts are not unambiguously defined
since they depend on the acoustic signal as well as the lis-
tener. Focusing on the acoustical signal, it can be seen as a
particular combination of the amplitude of the different par-
tials a chord of sine tones of different frequencies compos-
ing the voiced sound. The position of these partials is har-
monically related to the fundamental frequency, and in the
case of vibrato, it is expected that harmonicity is preserved.
On the other hand, the amplitude of the partials also shows
temporal variations during vibrato, but its origin and charac-
terization still remains unclear, as will be shown later in
more detail. These variations also reflect in the timbre and
loudness temporal evolution, and, since the amplitude varia-
tions are not well understood, neither are the timbre and
loudness variation.
Regarding the amplitude variation of the partials, several
works have dealt with this topic during the last decades, but
apart from minor differences among them, almost all simply
measure these variations and argue about their perceptual
relevance. In particular, the first step on this direction was
taken by McAdams and Rodet,9 who demonstrated that the
amplitude behavior of a partial was coupled with its fre-
quency behavior according to a given spectral envelope,
which could be used by the auditory system to discriminate
the timbre of a complex sound. Later, Horii10 proposed a
resonance-harmonic interaction to explain the phase relation-
ship between fundamental frequency and amplitude modula-
tion of vibrato. A parallel work was carried out by Maher and
Beauchamp,11 who concluded that the amplitude fluctuation
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of a partial during vibrato varies in form, amplitude, and
phase according to the position of the partial within the vocal
tract resonances. However, in neither case was it demon-
strated how the vocal tract, as well as the glottal source GS,
behaves such that those variations are generated. In the same
way, Imazumi et al.12 investigated the sources of vibrato by
considering the correlation between the amplitude and fre-
quency variations of the partials, and argued about the inter-
relationships between the fundamental frequency, the level of
the harmonics, the formant frequencies, and the overall am-
plitude of the singing voice. The main limitation of their
approach is that they did not identify the individual contri-
bution of the voice production elements, GS and vocal tract
response VTR, on the amplitude and frequency of the par-
tials, making it difficult to demonstrate the precise behavior
of these elements in vocal vibrato production.
The correlation between the amplitude and frequency
variations of the partials associated with vocal vibrato has
been subsequently analyzed by other authors,13,14 and the
main conclusion in all cases is that, while this correlation is
determined by the vibrato production mechanisms, the exact
role of each voice production element cannot be identified
based only on the direct observation of the amplitude versus
frequency representation, since this represents a global infor-
mation where the individual contributions of the voice pro-
duction elements are combined.
By analyzing the different efforts devoted to the study of
amplitude variation of the partials, it can be seen that all the
works have in common the use of the sinusoidal model15,16
to represent the acoustic signal, since the parameters of this
model are the amplitude and frequency variations of the par-
tials. However, in the mentioned works no voice production
description is considered, which precludes any statement
concerning the vibrato production mechanisms.
Additionally, regarding the voice production process,
different mathematical models have been proposed during
the last decades in order to describe it. For instance, physical
models are closer to the voice production system,17,18 since
the GS and VTR are obtained based on some physical fea-
tures of the voice organ elements. Additionally, the source-
filter model proposed by Fant19 also known as the noninter-
active source-filter model can be qualified as a signal voice
production model, since it does not contain any physical pa-
rameters, but it directly depends on a waveform representing
the GS and a transfer function corresponding to the VTR.
Each model represents a tradeoff in the voice production
descriptions, for instance physical models provide a more
realistic description, but is not easy to extract the values of
the model parameters from a given acoustic signal. On the
contrary the source-filter model constitutes a more simplified
description, but it makes it easier to extract the GS and VTR
for a given recorded sound.
With this in mind, in this paper the vibrato production
will be investigated, but, unlike earlier works, the individual
contribution of the GS and VTR on the amplitude variation
of the partials will be identified. For this purpose, the acous-
tical features of the vibrato signal, amplitude, and frequency
variations, as well as the voice production process, will be
jointly considered by combining two different signal descrip-
tions: the sinusoidal model and the noninteractive source-
filter model. At this point, it is important to emphasize how
different the two approaches are, which makes it very impor-
tant to assess the reliability of the measurements that will
help to combine such different approaches.
For this purpose, we will propose a vibrato production
signal model, the noninteractive vibrato production model,
that will allow us to validate the measurements made in natu-
ral singing voice recordings and will describe, and thus help
to understand, how the voice production elements, GS and
VTR, behave such that the specific correlation between the
amplitude and frequency of the partials is produced. Finally,
a model evaluation process will allow us to examine if the
behavior of the proposed model fits well with natural vocal
vibrato production. It is important to note that the voice ma-
terial considered for this study corresponds to male record-
ings and, thus, the conclusions derived from it are of appli-
cation strictly to this kind of voice.
The organization of the work is as follows. In Sec. II the
acoustical properties of vibrato are described, where the
sinusoidal model is used to describe the acoustic signal, and,
based on its parameters, the amplitude variations of the par-
tials, as well as the intensity of the sound, is analyzed. In
Sec. III the voice production process is briefly described by
the noninteractive source-filter model, defining its main fea-
tures GS and VTR and briefly reviewing the analysis tech-
niques associated to this particular model.
In Sec. IV the vibrato production is examined, and its
noninteractive vibrato production model will be proposed.
Finally, in Sec. V, this model is evaluated, and the conclu-
sions that follow are discussed in Sec. VI.
II. ACOUSTICAL CHARACTERIZATION OF VIBRATO
Before starting with the acoustical analysis, there are
some details that must be clarified: First, it has to be recalled
that vibrato is a time-dependent musical effect and, thus, its
features can be affected by its musical context pitch
transition,20 crescendo, decrescendo,21 etc.. For this particu-
lar study, a simple musical context has been selected in such
a way that other musical effects are avoided or at least mini-
mized. Thus, the specifications of the voice material used for
this study will be briefly described.
Second, as already mentioned, the sinusoidal model has
been described as the most suitable signal model for vocal
vibrato description. However, there are different possibilities
for the calculation of its parameters from a given recorded
signal,11,13,14 which might affect the final result. Therefore, it
is necessary to provide a brief description of the particular
analysis procedure adopted for this study.
Third, from Sundberg’s definition of vocal vibrato men-
tioned above, the main conclusion is that the less-understood
acoustical aspects are the timbre and loudness. In particular,
regarding the pitch variations characterization, the authors
refer the readers to a recent work of Arroabarren et al. con-
cerning pitch variations.5 On the other hand, timbre and
loudness are also dependent on the perceptual system of the
listener,22 thus it is important to note that in this particular
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study we will only focus on the objective acoustic signal
features, frequency and amplitude variations, as well as the
intensity variations of the sound.
A. Voice material
During a short musical excerpt a few seconds of natu-
ral singing voice performance many acoustical changes may
take place, such as, for instance, pitch and intensity varia-
tions. Therefore, for a sensible acoustical characterization of
vocal vibrato a very simple musical context has been se-
lected, in order to make easier the isolation of vibrato out of
other musical effects, such as those mentioned.
For this study three semi-professional male singers were
enlisted, two tenors and one baritone. Each singer was asked
to sing an exercise of three notes, the second one correspond-
ing to a long sustained note separated three semitones from
the others Do-Mi-Do. The first and third notes behave as a
musical support for the second one, so that the singer can
sing a long sustained vowel, and the sung vowel of these
notes was the vowel i. This exercise was repeated by each
singer, increasing the frequency of each note in one semi-
tone, so that their whole frequency range was covered. Re-
garding the sung vowel of the central note, the whole exer-
cise was repeated for the five Spanish vowels, a, e, i,
o, u, in order to have available several vocal tract con-
figurations.
Recordings were made in a professional recording stu-
dio, in such a way that reverberations were reduced consid-
erably though not completely eliminated as in an anechoic
chamber.14 The signals were sampled at a standard rate of
44.1 kHz, with 16-bit linear encoding on a single channel,
and the recording levels were adjusted on the DAT machine
during the recording process to achieve a roughly constant
output level. These changes were necessary to account for
the large dynamic range produced by the singer across his
tessitura. In this way, the full 16 bits of resolution were used
for each note produced. This means that the relative power of
the notes sung is not preserved in our recordings; however,
we deemed it more important to avoid quantization error
than to preserve relative power.
B. Sinusoidal modeling
Concerning the acoustic signal analysis, the additive
analysis-synthesis approach has been selected. It was devel-
oped during the 1980’s by J. O. Smith III23 in the context of
computer music, and, in parallel but independently, McAulay
and Quatieri proposed a similar approach for speech
applications.15 Later, a more complete sinusoidal model was
proposed by Serra and Smith,16 avoiding the problems of the
preliminary versions in nonharmonic sounds. In particular, in
the preliminary versions of the model, the whole sound was
modeled by a set of sinusoids. However, in the case of non-
harmonic sounds the number of sinusoids required to repre-
sent the sound was too high. Therefore, in the sinusoidal
model proposed by Serra and Smith, an additional term was
included to represent the nonharmonic part of the sound, and
only the harmonic part of the sound was represented by a set
of sinusoids.
The continuous time sinusoidal model, which this
analysis-synthesis scheme is based on, assumes the follow-
ing expression for the acoustic signal st:
st = 
i=1
M
aitcos it + et , 1
it = 2
−
t
f id 2
et = 
0
t
ht,ud , 3
where ait and f it are the instantaneous amplitude IA and
instantaneous frequency IF of partial i, respectively, which
characterize the deterministic component of the signal, and
et is the stochastic one. The stochastic component et is
usually described as a filtered white noise u by a time-
varying filter characterized by its impulse response ht ,. In
natural sound analyses it is seldom clear which spectral com-
ponents are associated with each part, hence, the estimation
algorithm has to be flexible enough.
To carry out our particular analysis we have imple-
mented a tool based on the sinusoidal model that is described
by the block diagram of Fig. 1.
According to the block diagram of Fig. 1, the input sig-
nal is analyzed frame by frame, with a typical frame duration
of 6 ms. Then, in the first step a short time window length of
the signal three or four fundamental periods is selected.
The short-term spectrum of the signal is calculated and the
spectral peaks detected, estimating their frequencies, ampli-
tudes, and phases. This information is conveyed to a pitch
detection block, where the fundamental frequency F0 of the
frame is estimated. As shown, this is a pitch synchronous
analysis, because the pitch information is used to select the
most appropriate window length. Once the spectral peaks are
detected, and the pitch estimated, a peak retrieval routine is
applied, in order to recover nondetected peaks. Considering
the spectral peaks of the frame, they are linked to earlier
frame analyses in the peak tracking step, generating the tra-
jectories of each partial, and obtaining the sinusoidal param-
eters of 1, namely, ait and f it, the IA and IF of the signal
FIG. 1. Block diagram of the analysis part of the additive analysis-synthesis
approach.
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harmonics, respectively. Finally, the stochastic part is esti-
mated by removing the deterministic part from the original
signal. For more details of this analysis procedure readers are
referred to the works of McAulay and Quatieri15 or Serra and
Smith.16
Going back to the recorded samples, the vocal vibrato
recordings correspond to clean solo recordings and only
voiced sounds, since there is no consonant in the musical
exercise. Moreover, they correspond to the normal phona-
tion, where the aspiration noise is minimum,24 so that the
whole signal can be modeled deterministically. In Fig. 2 re-
sults obtained for a representative tenor recording are shown.
From Fig. 2 it is apparent that all the signal partials are
harmonically related to the fundamental frequency, and all of
them follow the vibrato pattern, which is more evident as the
harmonic order increases. Regarding the amplitude of the
partials, in some cases it is possible to see a semi-periodic
pattern but, in contrast to the frequency variation of the par-
tials, no correlation among their IA is obvious.
C. Frequency and amplitude of the partials
In this subsection, the frequency and amplitude varia-
tions of the partials associated with vibrato will be analyzed,
as well as the intensity of the sound, and some conclusions
about their behavior during vibrato will be drawn.
In Fig. 2 the frequency and amplitude variations of a set
of partials of a tenor recording are shown. They are repre-
sentative of a typical behavior during vocal vibrato. From
Fig. 2c it is clear that, unlike the frequency variation of the
partials, the amplitude variation does not follow a regular
pattern, as all the harmonics show a different amplitude
variation; however, in most of the partials it is still possible
to see a semi-periodic pattern in their amplitude variation
synchronous with the frequency variation.
In order to show the implicit correlation between the
amplitude and frequency variations, the amplitude variation
of the partials shown in Fig. 2c are now represented in Fig.
3 versus their frequency variation appearing in Fig. 2b.
This representation has been used by several authors, as al-
ready explained, and has received different names, average
frequency characteristics,12 composite transfer function,13 or
AM-FM representation.14 All these names imply that this in-
formation reflects the dependence on both vocal tract and the
spectral variation in the glottal source.
However, by observing Fig. 3 it is not possible to see
how the GS and the VTR behave during vibrato, since the
effect of the two elements is combined. However, the
AM-FM representation shows some common features con-
cerning the IA of the partials, which were mathematically
described recently.25 The IA of a partial, Ain, was modeled
as the product of three elements:
Ain = iinin 4
where i is the relative weight of the harmonic compared to
the fundamental, in is a time-varying function represent-
ing the intensity change of the partial, which models the
amplitude variation independently of the spectral envelope
tracing, and in is a time-varying function representing
those variations related to the spectral envelope traced by the
AM-FM representation. These three elements can be identi-
fied by observing the AM-FM representation of Fig. 3. From
Fig. 3 it is apparent that when the IF of the partials shows its
periodic pattern, their IA traces a local spectral envelope,
which is related to the in parameter of the IA, represent-
ing the local spectral envelope traced by each partial.
FIG. 2. Sinusoidal model features. The signal corresponds to a tenor record-
ing, singing the vowel a with a F0 of 220 Hz. The selected analysis frame
size is 6 ms. a F0 b IF c IA.
FIG. 3. AM-FM representation. The signal corresponds to a tenor recording,
singing the vowel a with a F0 of 220 Hz.
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In spite of this mathematical description, the main con-
clusion about the amplitude variations during vibrato is that a
direct relationship with the voice production features cannot
be extracted by a simple observation of the AM-FM repre-
sentation, since the amplitude of the partials will be affected
by all the voice production elements. However, the AM-FM
representation gives at least a clue that the amplitude behav-
ior of the partials is not arbitrary, but rather involves the
specifics of vocal vibrato production.
On the other hand, regarding the intensity variations,
they can be easily characterized based on the former analy-
sis. The intensity of the sound is defined as the sound energy
transmitted per unit time through a unit area, and it is pro-
portional to the square of the sound pressure.
We have already mentioned that, during the recording
process, no calibration was made for determining the exact
value of vocal intensity, because the main concern of the
measurement was to avoid the quantization error. Therefore,
in order to quantify the sound intensity, the relative sound
intensity RSI will be calculated from the recorded signal
samples as
RSIndB = 10 log10 1N k=n−N/2
n+N/2
s2k , 5
where N is the window length and sk are the samples of the
acoustical signal. According to this definition, the RSI will
be used for a relative quantitative description of the sound
intensity evolution during vibrato.
Considering the RSI definition of 5, the IA model of
4, and depending on N values, the resulting intensity may
or may not show a periodic variation pattern. If the window
length were selected such that the in component of the
partials is compensated for, the resulting RSI would not
show periodic variations, as it is shown in Fig. 4, where the
N values are represented by the T values in seconds, for a
sampling frequency, fs, of 44.1 kHz, and T=N / fs. In Fig. 4
four RSI calculations are shown, corresponding to different
N values. Comparing these results the RSI does not show
periodic variations when the window length is fitted to one
vibrato period.
To conclude, we can say that sound intensity variations
are possible depending on the averaging window selected to
calculate this magnitude. These variations will be a conse-
quence of the frequency and amplitude variations of the par-
tials.
III. NONINTERACTIVE SOURCE-FILTER MODEL
Once the main features of the acoustical analysis of vi-
brato have been determined, the voice production process
will be described. In this way, we will determine which voice
production elements must be considered in order to under-
stand the production of vocal vibrato. For this purpose, the
noninteractive source-filter model will be considered as the
voice production model,19 because it is simpler than physical
models and will make it easier to link the sinusoidal model to
the voice production mechanisms. Thus, a brief review of
this voice production description will be provided, as well as
some important key points about the signal analysis associ-
ated to this model.
A. Model definition
The noninteractive source-filter model can be repre-
sented by the block diagram in Fig. 5. There, the voice pro-
duction is modeled by the glottal source GS that is linearly
modified by the vocal tract response VTR and the lip ra-
diation impedance, which is approximated by a derivative
system. Typically, the lip radiation system is usually com-
bined with the GS, in such a way that the glottal source
derivative GSD is considered as the vocal tract excitation.
It is important to note that this model is denominated as the
noninteractive source-filter model since both voice produc-
tion elements are considered independent. This assumption
does not exactly hold in natural voice production.26–28
Additionally, and in voiced sounds, the GS excitation is
a periodic pulsed signal, determining the vocal texture. The
most extended glottal pulse characterization defines five in-
dependent parameters: fundamental frequency, F0, or funda-
mental period T0, amplitude of voicing, Av, open quotient,
Oq, asymmetry coefficient, , and return phase interval Ta,
which is related to the spectral tilt, f t. All of the proposed GS
waveform mathematical models try to include these param-
eters, such as for instance the LF model29 or the
KLGLOTT88.24
In Fig. 6, an idealized GS pulse and its derivative are
shown, illustrating the five parameters defined. From this
figure, it is clear that Oq controls the time interval where the
GS is not null; , defined as =TP /OqT0, determines the
symmetry degree of the glottal pulse; and Ta parametrizes
the closure abruptness of the waveform.
Regarding the VTR, it is normally modeled by an all-
pole autoregressive AR filter
FIG. 4. Relative sound intensity. The signal corresponds to a tenor record-
ing, singing the vowel a with a F0 of 220 Hz.
FIG. 5. Block diagram of the noninteractive source-filter model.
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Hz =
G
1 − k=1
p akz
−k , 6
where ak are the prediction coefficients and G is the gain of
the all-pole filter. This model corresponds to nonnasal
sounds, as it is the case in our particular recordings.
B. Analysis procedure
As illustrated in Fig. 5, the noninteractive source-filter
model is a very simple voice production one, but the analysis
techniques associated to it allow extracting from the acoustic
signal the information of the GS and the VTR, which is not
the case in other voice production models. However, when
this model is considered, a thorough analysis should be car-
ried out, particularly in singing voice analysis, for a correct
interpretation of the results. Therefore, some key issues per-
taining to this model and its associated analysis procedures
will be highlighted.
In natural voice production, the physical system is com-
posed by two resonant cavities subglottal and supraglottal
cavities, which are connected by a valve, the glottis, where
the vocal folds are located. In voiced sounds, the vocal folds
are opened and closed providing the harmonic nature to the
air flow, but, additionally, the vocal tract response varies dur-
ing a single fundamental period because both cavities are
connected and disconnected along every fundamental period,
resulting in a nonlinear element. This effect is one of the
effects associated to the source-tract interaction,26,30 and it is
not included in the noninteractive source-filter model.
On the other hand, the complete analysis procedure can
be decomposed into two different steps: the first one is rep-
resented by the inverse filtering techniques, which allow us
to separate both the GS and the VTR based on the acoustic
signal, and the second one corresponds to a parametrization
step, where the GS and VTR parameters are obtained in or-
der to reduce to a few numerical values both voice produc-
tion elements.
Regarding the inverse filtering techniques, there are
many different approaches available in the literature,31–35
however, since all of them assume a simplified voice produc-
tion description, the resulting GS waveform will be affected
in a different way by the so-called formant ripple resulting
from the source-tract interaction and incomplete cancellation
of the formants. Additionally, all of them have a fundamental
frequency dependence, which limits their application as the
fundamental frequency of the signal increases, and thus some
singing voice signals.36
On the other hand, the GS parametrization is an impor-
tant analysis step, particularly when a large number of sig-
nals are to be analyzed, and there are available several pos-
sible methods:37 We have, for instance, direct estimation
methods, where the source parameters are obtained by mea-
suring time domain landmarks. However, they are not very
robust because those landmarks are not easy to determine in
inverse filtered signals, particularly the opening instant. Ad-
ditionally, there are fitting estimation methods, where a
mathematical model is fitted to the inverse filtered GSD.
However, all of these approaches have a high computational
load. Alternatively, the normalized amplitude quotient
NAQ has been recently proposed38 as a suitable parametri-
zation method. It is amplitude and fundamental frequency
normalized, avoids time domain landmarks measurement,
and has a minimum computational cost. It is defined as the
quotient of the maximum of the GS and the minimum of the
GSD. Moreover, it has been shown that it is also a global
parameter as it depends on the three above-mentioned GS
parameters.39
To summarize these paragraphs, it is important to note
that the noninteractive source-filter model allows for a
simple voice production description, since it is a signal
model. However, there are different factors that must be
taken into consideration for a correct interpretation of the
obtained results.
In order to illustrate the application of this kind of tech-
nique to the voice material described in Sec. II A, the GSD
and VTR corresponding to a representative baritone record-
ing are shown in Fig. 7. In this particular case three repre-
sentative inverse filtering techniques have been selected: the
analysis by synthesis AbS approach,31 the glottal spectrum
based GSB inverse filtering,34 and the closed phase covari-
ance CPC.35 From Fig. 7 we can conclude that the three
techniques provide similar results. Regarding the GSD, three
fundamental periods are represented, illustrating a similar
pulse shape to that in Fig. 6. Concerning the VTR, it can be
seen that, as this recording corresponds to a male singing
voice recording, the highest formants are concentrated in one
frequency region, ranging from 2000 to 3000 Hz, which is
known as the singer’s formant.22
It is interesting to note that the inverse filtering analysis
is a short time analysis the window length is three or four
fundamental periods, compared to the slow fundamental fre-
quency variations of vibrato a typical vibrato rate is about
5 Hz. Then, it can be said that these techniques are insensi-
tive to the presence or absence of vibrato, since they are
based on short time window analysis.
Therefore, one question arising is how VTR and GSD
parameters evolve during vibrato. Additionally, by compar-
ing Fig. 3 to Fig. 7b, the AM-FM representation is very
similar to the VTR of Fig. 7b. However, in the case of the
FIG. 6. Glottal pulse parametrization. a GS. b GSD.
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AM-FM representation, no source-filter separation has been
made, and thus both elements are melted in this representa-
tion.
It can be concluded that in natural vocal vibrato nothing
can be said, a priori, about what is happening with the GSD
and VTR during vibrato, but, whatever happens, the resulting
global AM-FM representation provides a spectral envelope
very similar to the VTR obtained by inverse filtering.
IV. NONINTERACTIVE VIBRATO PRODUCTION MODEL
After analyzing the acoustic signal corresponding to vi-
brato, assuming the sinusoidal model, and reviewing the
voice production process based on the noninteractive source-
filter model, it might seem difficult to establish a relationship
between these two different mathematical descriptions of the
acoustic signal and, even more, to identify the individual
contribution of the voice production elements to the ampli-
tude variation of the partials. With this in mind, a noninter-
active vibrato production model will be proposed in order to
describe, and help to understand, how the GSD and the VTR
behave during vibrato such that the specific amplitude varia-
tion of the partials comes out. This model will allow us to
assure the goodness of the analysis carried out in natural
singing voice recordings. In particular, this signal model will
permit us to generate synthetic signals that will be subse-
quently analyzed in the same way as natural singing voice
recordings, which will help to infer what is happening in
vocal vibrato production.
Before proposing the vibrato production model, some
basic assumptions will be made regarding the behavior of
GSD and VTR during vibrato. Assuming that the RSI, cal-
culated by using a window length equal to one vibrato pe-
riod, does not change during a few vibrato cycles, we have
the following.
1 The GSD characteristics, or glottal pulse shape features,
Oq, , and f t, remain also constant during vibrato, and
only the fundamental frequency of the voice changes.
This assumption is justified by the fact that, perceptually,
there is no phonation change during a single note.
2 The VTR does not appreciably change along with vi-
brato. This assumption supports the fact that vocalization
does not change along the note.
Taking into account these assumptions, the proposed
noninteractive vibrato production model is represented by
the block diagram of Fig. 8.
As illustrated in Fig. 8, for a given vowel where the RSI
does not significantly change, the GSD parameters, control-
ling the glottal pulse shape, along with the VTR features,
remain constant while the fundamental frequency of the ex-
citation varies.
This model anticipates that a long-term relationship can
be established between the GS and VTR and the AM-FM
representation: Taking into account that the GSD features
remain constant during vibrato, the AM-FM representation
of each harmonic should represent a local section of the
VTR, and each representation will be shifted linearly dis-
torted in amplitude depending on the GSD spectral shape.
Therefore, by removing the GSD effect from the AM-FM
representation, only the VTR will be left.
This relationship is graphically shown in Fig. 9 for a
synthetic signal described by the proposed model. For this
particular example, the GSD has been modeled according to
the LF model, and its parameters correspond to a normal
phonation glottal pulse shape. The VTR filter corresponds to
vowel a of a baritone, and the three vibrato parameters
remain constant during the note: the intonation 100 Hz, the
extent value of 10 Hz, and a rate value of 5 Hz. The resulting
signal has been analyzed by both inverse filtering GSB in-
verse filtering algorithm, where the presence or absence of
vibrato has no influence on the algorithm, and by a sinu-
soidal model, where the IA and IF of each harmonic need to
be measured. Results obtained for this simulation are shown
in Fig. 9.
FIG. 7. Inverse filtering results. The signal corresponds to a baritone record-
ing, singing the vowel a with a F0 of 123 Hz. a GSD. b VTR.
FIG. 8. Noninteractive vibrato production model.
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In Figs. 9a and 9b inverse filtering results are shown
for a short window analysis. Since fundamental frequency is
low, GSD and VTR are well separated. In Figs. 9c and
9d, sinusoidal modeling results are shown. The frequency
variations of the signal harmonics are clearly observed and
the resulting amplitude variation, too. On the other hand, in
Fig. 9e the AM-FM representation of the partials is shown.
Taking into account the AM-FM representation of every par-
tial, and comparing it to the VTR shown in Fig. 9b, it is
possible to conclude that local information of the VTR is
provided by this representation. However, since no source-
filter decomposition has been carried out, each AM-FM rep-
resentation is offset in amplitude depending on the GSD
spectral features. This effect results from keeping GSD pa-
rameters constant during vibrato. Comparing Figs. 9e and
9b, it can be guessed that if the GSD magnitude spectrum
were removed from the AM-FM representation of the har-
monics, the resulting AM-FM representation would be very
similar to the VTR. The result of this operation is shown in
Fig. 9f, and it can be seen that the compensated AM-FM
representation is very close to the VTR.
For this noninteractive vibrato production model, the in-
dividual contribution of the GS and the VTR on the ampli-
tude variation of the partials has been identified. In particu-
lar, when inverse filtering works, the GSD effect can be
removed from the AM-FM representation provided by the
sinusoidal model and the VTR information is isolated.
At this point, the relationship between the two signal
models, noninteractive source-filter model and sinusoidal
model, has been established for a synthetic signal where vi-
brato has been included under two assumptions stated at the
beginning of the section. Now the question is if this relation-
ship also holds in natural singing voice, where many other
effects are present. Therefore, both kinds of signal analyses
will now be applied to natural singing voice recordings. In
order to set up conditions similar to the simulated signal,
some precautions have been taken in the recording process:
1 The musical context has been selected in order to control
intensity variations of the sound, as detailed in Sec. II A.
2 Recordings have been made in a studio, where rever-
berations are reduced. Under these conditions the
FIG. 9. Relationship between voice production and sinusoidal model for the synthetic signal. Inverse filtering results. a GSD. b VTR. Sinusoidal modeling
results. c IF. d IA. e AMFM representation. f AMFM representation without source effect.
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AM-FM representation will present slight variations
from the actual VTR, but it is still possible to carry out
the same study.14
In Fig. 10 these analysis results are shown for a baritone
recording, characterized by a F0 of 107 Hz and a vocal tract
configuration corresponding to vowel a. Unlike the mea-
surements shown in Figs. 9a and 9b, there is no reference
for the original GSD and VTR. By comparing Figs. 9c and
10c, the IF variation is similar in simulation and natural
singing voice. However, the vibrato extent in this baritone
recording is lower than in synthetic signal. In the case of the
IA, natural singing voice results are obviously not as regular
as synthetic ones. This is because of reverberation and ir-
regularities of natural voice. Regarding the RSI of the sound,
there are not large variations on the IA and, so, for one or
two vibrato cycles, it can be considered constant.
In this situation, the AM-FM representation of the har-
monics, shown in Fig. 10e, is very similar to the synthetic
signal AM-FM representation of Fig. 9e, though the al-
ready mentioned irregularities are present. Now, the so-
obtained GSD spectrum will be used to extract from the
AM-FM representation the VTR information. The result of
this operation is shown in Fig. 10f and, as in the case of the
synthetic signal, the compensated AM-FM representation is
very close to the VTR.
In this way, it can be concluded that, as in the case of the
synthetic signal, the individual contribution of the voice pro-
duction elements has been identified from the AM-FM rep-
resentation corresponding to natural vocal vibrato, since the
compensated AM-FM representation is similar to the VTR
obtained by inverse filtering. However, the matching is not as
close as for the synthetic signal.
For not limiting ourselves to a unique signal analysis,
the same analysis procedure has been applied to a represen-
tative set of signals of the database described in Sec. II A,
and their corresponding results are shown in Fig. 11. For this
particular set of signals, recordings corresponding to the
three male singers have been selected tenor 1, tenor 2, and
baritone, considering also different vocal tract configura-
tions a, e, i. Additionally, in order to analyze the be-
havior of the model in different situations, three synthetic
signals have been added to the comparison, representing also
FIG. 10. Relationship between voice production and sinusoidal model for natural singing voice. Inverse filtering results. a GSD. b VTR. Sinusoidal
modeling results. c IF. d IA. e AMFM representation. f AMFM representation without source effect.
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different vowels. In order to give more details of these re-
cordings, in Table I the values of the three fundamental fre-
quency parameters intonation, vibrato rate, and vibrato ex-
tent are collected. It can be seen that all the signals have a
low fundamental frequency, so that the main problems asso-
ciated to the inverse filtering techniques are avoided, and in
particular the fundamental frequency of the baritone record-
ings is slightly lower than the one corresponding to the tenor
recordings. In the case of the synthetic signals, the funda-
mental frequency was chosen to be 100 Hz, the vibrato rate
5.5 Hz, and the vibrato extent 84.46 cents.
By observing Fig. 11 the different vocal tract configura-
tions are evident, because of the different formant positions.
Additionally, since all the recordings correspond to singing
male voices, the singers’ formant is in the high-frequency
region above 2000 Hz. Also, the differences between the
fundamental frequencies of the signals can be observed on
the AM-FM representation, since for the same frequency re-
gion 0–3000 Hz there are more harmonics in the case of
the synthetic signal or in the baritone recordings. On the
other hand, it can be seen that in all cases, different singers
and vocal tract configurations as well as in the synthetic case,
the compensated AM-FM representation is very close to the
VTR, as was pointed for Fig. 10, which allows us to con-
clude that the noninteractive vibrato production model can
explain, in an approximated way, what is happening in sing-
ing voice when vibrato is present.
FIG. 11. Compensated AM-FM representation for a representative set of recordings. For each singer three different vocal tract configurations have been
selected, as well as for the noninteractive vibrato production model. The results corresponding to different voices have been distributed in different rows, and
each column corresponds to the same vocal tract configuration. Baritone recordings: a vowel a, b vowel e, and c vowel i. Tenor 1 recordings: d
vowel a, e vowel e, and f vowel i. Tenor 2 recordings: g vowel a, h vowel e, and i vowel i. Synthetic signals: j vowel a, k vowel e,
and l vowel i.
TABLE I. Fundamental frequency parameters for the representative data set.
This data set covers different vocal tract configurations for the three male
singers.
Rate Hz Intonation Hz Extent cent
a 4.47 110.86 48.20
Baritone e 4.60 109.92 60.51
i 4.46 108.21 51.69
a 5.98 166.54 43.62
Tenor #1 e 5.16 161.60 70.02
i 5.28 166.48 74.99
a 5.89 160.25 27.65
Tenor #2 e 5.60 162.27 26.57
i 5.74 161.44 34.50
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V. MODEL EVALUATION
In the last section, a noninteractive vibrato production
model has been proposed in order to relate the amplitude and
frequency variation of the partials to the voice production
elements. The key point of the model, as should be clear
from our analysis, is the fact that the GSD and VTR features,
Oq, , and f t, and formants central frequencies and band-
widths, respectively, remain almost constant during vibrato.
In order to confirm these assumptions, the proposed model
will be evaluated and further analyses will be carried out. To
this purpose, the GSD and VTR features will be measured
and their time evolution evaluated.
The evaluation procedure will be as follows: First, in-
verse filtering techniques will be applied for the GSD and
VTR estimation in such a way that the analysis window will
be moved over time. Later, and using the appropriate VTR
and GSD parametrization, the behavior of these elements
during vibrato will be characterized in order to check if their
parameters remain constant during vibrato or, on the con-
trary, if they vary.
Moreover, it is important to note that because of the
limitation of the inverse filtering techniques for high funda-
mental frequencies, the evaluation procedure will be applied
in recordings corresponding with low fundamental frequen-
cies. However, after this evaluation process the AM-FM rep-
resentation of natural vibrato recordings will be compared to
the one corresponding to the model, in order to analyze what
this model predicts for higher fundamental frequencies.
A. Evaluation procedure
In Sec. III B the analysis procedure associated to the
noninteractive source-filter model was shortly reviewed, and
some relevant notes were provided for a correct interpreta-
tion of the obtained results. In this section, this analysis pro-
cedure will be used for the evaluation procedure of the non-
interactive vibrato production, and, taking into account the
above-mentioned details, some decisions have been made.
Concerning the inverse filtering techniques, three representa-
tive approaches have been selected the three were addressed
in Sec. III B for not limiting ourselves to a unique, and
maybe biased, calculation. Additionally, as has been high-
lighted before, there are different factors that affect the in-
verse filtering results differences among the selected tech-
niques, fundamental frequency dependence,¼, which has
led us to apply the same analysis procedure to the synthetic
signals, in order to determine the accuracy of the estimation
procedure. Finally, regarding the VTR and GS parametriza-
tion, the normalized amplitude quotient NAQ has been
chosen as a representative GS parameter, since its measure-
ment is simple and robust and condenses in a single numeri-
cal value the whole glottal pulse information.39 In parallel,
and as the VTR representative parameters, the central fre-
quencies of the first two formants, F1 and F2, have been
selected.
This analysis procedure has been applied to the repre-
sentative data set specified in Table I, as well as to the syn-
thetic signals of Sec. IV, and the results corresponding to the
vowel a are shown in Fig. 12. It is important to note that, in
order to make easier the comparison among different singers,
vocal tract configurations, and synthetic and natural signals,
the absolute values of NAQ, F1, and F2 have been replaced
by their relative values in percentage. To that purpose their
mean value has been removed and they have been normal-
ized by their average value in the considered interval.
In Fig. 12, different magnitudes for the four representa-
tive signals are shown: the acoustic signal, the RSI, the fun-
damental frequency variation, and the relative values of the
NAQ, F1, and F2 and the plots corresponding to the different
signals have been grouped in different columns, a, b, c,
and d.
In all cases it can be seen that the considered time inter-
val is long in the sense that it contains several vibrato cycles
at least four, and in all cases the RSI does not change
significantly perfectly constant in the synthetic signal. By
observing the NAQ, F1, and F2 variations, it can be seen that
they are not perfectly constant in all cases, either natural or
synthetic signals. Additionally, by comparing the results cor-
responding to the three natural vibrato signals and the syn-
thetic one, it can be seen that the maximum value of the
NAQ relative value is very similar, around 10% for all sig-
nals. Something similar can be said concerning the F1 and
F2, where the maximum value is around 5%. By considering
that the variations appreciated in Fig. 12 for the NAQ, F1,
and F2 have very similar values, it can be concluded that
these variations can be mainly attributed to measurement er-
rors.
In order to analyze other vocal tract configurations, the
measurements of the NAQ, F1, and F2 obtained along the
considered time interval have been reduced to a single nu-
merical value: their standard deviation along the considered
time interval. To this purpose, the results corresponding to
the representative data set of Sec. IV are shown in Table II
for the three singers and the noninteractive vibrato produc-
tion model.
By analyzing Table II, it can be seen that the standard
deviation of the normalized parameters is quite similar in all
cases, and less than 10%, regardless of the conditions dif-
ferent singers and proposed model, vocal tract configura-
tions, different inverse filtering techniques. Additionally, by
considering the three different vocal tract configurations for
the three male singers, it can be seen that the standard devia-
tion of the normalized NAQ is higher in the case of vowel
i, which corresponds to the lowest first formant central fre-
quency, as can be seen in Fig. 11. This difference might be a
consequence of the source-tract interaction, since it increases
as the first formant central frequency decreases,40 and it will
be reflected on the inverse filtered GSD waveform. Also, it
can be noticed that the standard deviation of the three param-
eters obtained for the baritone recordings are lower than
those obtained for the tenor’s recordings, which corresponds
to differences in the intonation value, as is the case of the
synthetic signals.
To summarize, and according to the results shown in
Fig. 12 and Table II, it can be concluded that the GS and
VTR parameters do not significantly change during vibrato,
which validates the assumptions made when we proposed the
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vibrato production model. This allows us to state that the
noninteractive vibrato production model closely represents
natural vibrato production.
B. Vibrato in higher pitched signals
As has been mentioned, in Sec. V A an evaluation pro-
cedure has been applied in order to validate the assumptions
made along the model proposition. This evaluation procedure
has been applied in low F0 recordings such that the possible
inverse filtering errors are avoided. However, it would be
important to see how the same model performs under differ-
ent conditions, and in particular for higher F0 signals. This
will allow us to determine if the above extracted conclusions
concerning the GS and VTR behavior also hold under differ-
ent pitch conditions.
Therefore, in this subsection, and in order to compare
the noninteractive vibrato production model and natural vi-
brato signals, the AM-FM representation of the signal will be
considered, since the analysis associated to the sinusoidal
model has no limitation with the fundamental frequency
value.
In this case a representative set of recordings for the
vowel a has been selected, corresponding to three different
F0 values for the three male singers, as well as for the non-
interactive vibrato production model: 166, 216, and 360 Hz,
representing low, medium, and high fundamental frequency
values for male voices. In the case of synthetic signals, the
VTR has been the same in all cases, corresponding to the
vowel a, and only the fundamental frequency of the signal
has been varied, the vibrato rate being 5.5 Hz and the extent
84.46 cents.
FIG. 12. Model evaluation. The signals associated to the model evaluation process are shown for four representative signals, corresponding to the three singers
and the synthetic signal, all of them corresponding to the vowel a. For each one of these recordings the represented signals are the acoustic signal, the relative
sound intensity, the fundamental frequency, the normalized NAQ, F1, and F2. The plots corresponding to the same voice are grouped by columns: a baritone,
b tenor 1, c tenor 2, and d synthetic signal.
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The AM-FM representation of the above-mentioned sig-
nals are collected in Fig. 13. In this figure rows represent
different singers two tenors and one baritone and the syn-
thetic signals, and columns correspond to different funda-
mental frequency values.
In this case, as was detailed in Sec. II C, the AM-FM
representation provides global information, since both voice
production elements are included. However, the proposed vi-
brato production model allows us to understand how this
representation is related to the voice production process. The
noninteractive vibrato production model predicts that as the
fundamental frequency increases, the harmonics of the GSD
signal will be located in higher frequencies, and they will be
located in different relative positions with respect to the vo-
cal tract resonances. As a result, the AM-FM representation
for each partial will correspond to a different local section of
the VTR, shifted in amplitude depending on the spectral con-
tent of the GSD.
With this in mind, it can be observed in Fig. 13, for both
natural and synthetic signals, that as the fundamental fre-
quency increases, the AM-FM representations of the partials
are obviously more separated from each other. Additionally,
the spectral envelope foreseen in all cases is quite similar,
since all correspond to the same vocal tract configuration,
vowel a, and all are of male singing voices. By considering
one row of figures, for instance, a, b, and c, it can be
seen that, for a given singer, the only difference among the
different F0 values is reflected on the harmonic position, and
the location of the AM-FM representation of each partial,
which is predicted by the proposed model panels j, k,
and l. This points out that there are no additional changes,
concerning vibrato production, as the fundamental frequency
increases. This behavior can also be observed in the results
corresponding to other singers different rows of figures
and, as a consequence, the conclusions can be extended to
other male voices.
To conclude, it can be said that the noninteractive vi-
brato production model can be used to describe the behavior
of the GS and VTR during the vocal vibrato production, at
least from the signal point of view. It is clear that for a
physiological description of the process other kind of models
should be considered.
VI. CONCLUSIONS
In this work an acoustical characterization of vocal vi-
brato has been carried out. Such characterization has been
based on the sinusoidal model parameters, IF and IA of the
partials, focused on the amplitude variations and their rela-
tionship with the frequency variations. It has been shown
that these variations are correlated, which is illustrated by the
so called AM-FM representation of the partials. Additionally,
we have shown that the amplitude and frequency variation of
the partials will be translated into intensity variations de-
pending on the window length imposed for the estimation. In
particular, it has been shown that the RSI will not show
pitch-related variations when the averaging window length is
adjusted to one vibrato period. The main conclusion derived
from this acoustical analysis is that the origin of the ampli-
tude variations must be pursued taking into consideration the
voice production mechanisms, since the sinusoidal model is
a pure signal model.
In order to identify the contribution of the voice produc-
tion elements, GS and VTR, on the amplitude variation of
the partials, a noninteractive vibrato production model has
been proposed. Consequently, this model has described the
behavior of both voice production features during vibrato. In
particular, considering a RSI constant interval, this model
assumed that both voice production mechanisms remain al-
most constant during vibrato, and only the fundamental fre-
quency of the GS changes. As a result, this model predicted
that the AM-FM representation of each harmonic corre-
sponds to a local section of the VTR but shifted i.e., linearly
distorted in amplitude according to the GS spectrum. By
comparing both synthetic and natural singing voice signals it
was concluded that the above-mentioned prediction holds
quite well in natural vocal vibrato.
Next, in order to validate the assumptions that the non-
interactive vibrato production model is based on, the time
evolution of the GSD and VTR features was evaluated in
natural and synthetic signals making use of inverse filtering
techniques. From this evaluation process, it was demon-
strated that the GSD and VTR do not significantly vary dur-
ing vibrato, which agrees well with the assumptions made
during the model proposition. Additionally, the proposed
model was compared to natural vibrato signals for different
pitch values, making use of the AM-FM representation, and
it was shown that the proposed model predicted similar rep-
resentations to those obtained for natural vocal vibrato. This
TABLE II. Standard deviation of the normalized voice production param-
eters NAQ, F1, and F2 for the recordings corresponding to the baritone,
tenor 1, tenor 2, and the noninteractive vibrato production model. The re-
sults correspond to different vocal tract configurations and different inverse
filtering techniques results.
Baritone Tenor 1
sdNAQ sdF1 sdF2 sdNAQ sdF1 sdF2
AbS 4.88 1.17 1.11 6.62 1.42 2.06
a CPC 4.71 1.14 0.97 7.72 1.42 0.90
GSB 5.65 2.28 1.30 5.84 1.24 3.14
Abs 4.77 2.73 1.05 6.10 3.20 1.63
e CPC 6.68 1.90 0.99 9.87 2.90 0.94
GSB 5.02 3.32 1.54 6.39 2.59 1.60
AbS 8.71 1.13 0.50 6.66 1.37 1.23
i CPC 7.85 1.20 0.39 7.50 1.84 2.07
GSB 9.32 1.57 0.60 9.20 2.18 1.36
Tenor 2 Model
AbS 7.23 3.06 0.67 3.51 1.43 0.35
a CPC 8.80 1.49 0.79 5.64 0.50 0.47
GSB 6.12 2.33 0.87 4.37 1.69 0.59
AbS 5.16 6.57 3.53 3.78 0.92 0.30
e CPC 5.14 7.39 3.41 3.47 0.12 0.07
GSB 7.38 5.32 3.56 6.41 0.87 0.31
AbS 9.08 1.23 1.81 3.83 1.51 0.39
i CPC 8.88 3.86 1.23 2.15 0.71 0.09
GSB 9.79 2.56 1.35 3.76 1.90 0.55
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validation process has shown that the proposed vibrato pro-
duction model is able to describe the production of this vocal
effect.
Based on the noninteractive vibrato production model, it
can be concluded that, during the vibrato production, the
pitch variations are generated on the glottal source and these
variations, along with the vocal tract filtering effect, reflect
the frequency and amplitude variations of the acoustic signal
partials.
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